Abstract: Taguchi statistical design, an orthogonal array (OA) method, was used to study the impact of the COD/SO4 2− ratio, hydraulic retention time (HRT) and linoleic acid (LA) concentration on sulfate (SO4 2− ) reduction in an anaerobic sequencing batch reactor using glucose as the electron donor. Based on the OA, optimum condition for maximum SO4 LA addition (level 3). In general, the Taguchi OA provided a useful approach for predicting the percent SO4 2− reduction in inhibited mixed anaerobic cultures within the factor levels investigated.
ratio, hydraulic retention time (HRT) and linoleic acid (LA) concentration on sulfate (SO4 2− ) reduction in an anaerobic sequencing batch reactor using glucose as the electron donor. Based on the OA, optimum condition for maximum SO4 ). In control (not fed LA) cultures, higher SO4 2− reduction (87% ± 3%) was observed at a low COD/SO4 2− ratio of 0.8. This indicates that increasing SO4 2− reduction was observed at increasing SO4 2− loading rates. In general, results from this study reveal that limiting the substrate concentration with high SO4 2− levels (low COD/SO4 2− ratio) favors high SO4 2− removal. Surface plots were used to evaluate the significant interactions between the experimental factors. Accuracy of the model was verified using an analysis of residuals.
Introduction
The sulfate ion (SO4 2− ) is found in natural environments such as sediments, seawater and areas rich in decaying organic matter. Sulfate is also released in effluents from many industries such as pulp and paper processing, coal powered power plants, edible oil industries, tannery operations, molasses fermentation and mining [1, 2] . Effluents generated from these industries also contain other sulfur species, which include thiosulfate, sulfite, sulfide and dithionite [3] .
In mining operations, minerals, such as iron and zinc are converted to reduced metal sulfides. These sulfide compounds are oxidized with the release of metals ions and SO4 2− (Reactions (1) and (2); Table 1 ). Under acidic conditions, dissolution of heavy metals from metal oxides and carbonates results in the formation of metal and SO4 2− containing wastewater known as acid mine drainage (AMD) [4] [5] [6] . Discharging AMD can cause serious threats to the environment. Sulfate, an electron acceptor, is converted to hydrogen sulfide (H2S) in the presence of electron donors such as hydrogen (H2) or easily degradable organic chemicals [7] . Biological SO4 2− reduction is a promising methodology to treat AMD due to the combined removal of acidity, SO4 2− and heavy metals. Sulfate removal is accomplished by SO4 2− reducing bacteria (SRB). SRBs utilize electron donors, such as volatile fatty acids (VFAs), alcohols and H2. SRBs often out-compete methane producing bacteria (MPB) for substrates, such as H2 (Reactions (3) and (4); Table 1 ). When H2 is utilized as an electron donor, SRBs produce H2S and hydroxide ions (Reaction (5); Table 1 ). Note: The Gibb's free energy values were calculated using data from Thauer et al. [8] .
Competition between MPBs and SRBs is also dependent on the substrate concentration (Reactions (3) and (4); Table 1 [10, 11] . SRB and MPB competition is also dependent on the operational pH with SRB growth favored at high pH [12] . Since the chemical equilibrium of different sulphide species is pH dependent [13, 14] , pH is a crucial factor affecting the competition between SRBs and MPBs.
Hydraulic retention time (HRT) can also affect competition between SRBs and MPBs. Lower HRT is favorable for SRB growth when compared to MPBs. The doubling time of many SRBs is less than MPBs. For example, Desulfotomaculum acetoxidance has a doubling time of 30 h when grown on acetate at 35 °C [15] . In comparison, the doubling time of Methanosarcina barkeri is 43 h when grown on acetate at 37 °C [16] .
Controlling the electron flow to SRBs and MPBs is affected by factors such as pH, the COD/SO4
2− ratio and HRT. Another factor controlling the activity of SRBs and MPBs is inhibitory chemicals. Successful inhibition of MPB growth will favor SRB growth and increase the quantity of SO4 2− reduced. Diverting the fraction of substrate electron flow from MPBs to SRBs is achievable using different treatment methods, which selectively inhibit methanogenic growth. Among the physical methods, heat treatment is used to inhibit non-spore forming MPB [17] . However, due to the high cost associated with heat treatment, the method is unsuitable for full-scale application. Alternate methods to heat treatment include utilizing chemical inhibitors. Various chemical inhibitors have been used successfully to inhibit MPBs [18] . Inhibitors specific to inhibiting methanogens include 2-bromo ethane sulfonic acid (2-BESA). Other methanogenic and non-methanogenic inhibitors, which have been extensively studied, include saturated long chain fatty acids (SLCFAs) and unsaturated long chain fatty acids (ULCFAs). Lauric acid (C12:0), a SLCFA, and as linoleic acid (LA, C18:2), a ULCFA, are able to suppress gram positive bacteria and methanogens [19, 20] . In natural habitats and engineered systems, microbial processes are affected by a combination of different factors. The effect of multiple factors on biological SO4 2− reduction can be examined using statistical methods, such as the Taguchi design [21] . A significant difference between Taguchi's optimization technique and other similar methods is the ability to reduce process variability by involving factors that cause variability in the experimental design, modeling and optimization process [22] . The Taguchi method has been used in many biotechnological applications Rao et al. [21] . The method has been used by many researchers to optimize the operation of microbial processes [21, 23, 24] .
The Taguchi method provides a systematic approach to understand manufacturing, microbial as well as environmental processes by assisting to identify factors which affects the process/product characteristics [25] . The method is robust and can be applied in the manufacture of automotive parts, plastics and semi-conductors [25] . The Taguchi method is used to rapidly and accurately gather data which is useful in the design and production of low-cost processes [26] . Hence, the objectives of this study are to examine the effect of the COD/SO4 2− ratio, HRT and LA concentration on mesophilic biological SO4 2− reduction in anaerobic sequencing batch reactors (ASBRs) using a Taguchi design.
Materials and Methods

Inoculum Source
The anaerobic inoculum was procured from an up-flow anaerobic sludge blanket reactor (UASBR) located at a brewery wastewater treatment facility (Guelph, ON, Canada) (designated as culture A) and at for 2 months. During the acclimation period, the quantity of gas and VFAs were monitored to establish quasi-steady state conditions. Inoculum for the experiments under consideration was combined from reactors A (80%) and B (20%) and diluted with basal medium to 8 g VSS L −1
. The basal medium composition used for dilution and feed was adapted from Wiegant and Lettinga [28] . All the chemicals for basal medium were procured from ACP Chemicals Inc. (Montreal, QC, Canada) and Sigma Aldrich (Oakville, ON, Canada). The feed substrate (glucose) was procured from Spectrum Chemicals, Gardena, CA, USA.
Sulfate Reduction Studies
Two 7-L (total volume) continuous stirred tank reactors (CSTRs) (New Brunswick Scientific, New Brunswick, NJ, USA) with a 5 L working volume were used to conduct the experiments. The CSTRs (R1 and R2) were operated as ASBRs at 37 ± 1 °C. Liquid samples were collected at the end of each cycle. Continuous mixing of the reactor contents during the reaction phase was conducted at 200 rpm. The pH (6.5 ± 0.1) was maintained using 1 M NaOH (base) and 0.5 M HCl (acid). The ASBRs (R1 and R2) were seeded with the inoculum from reactors A and B (8 g VSS L Table 2 . Reactors R1 and R2 were operated as follows: 40 min settling; 10 min decanting; and 10 min fill. The reaction times maintained were 5 h, 11 h and 17 h for HRT values of 12 h, 24 h and 36 h, respectively. The volume decanted per cycle was constant at 2.5 L and the HRT was calculated using Equation (1) [29] . 
At each HRT, the reactors were operated until they attained quasi-steady state conditions (constant SO4 ) were fed to cultures according to experimental conditions shown in Table 2 . Cultures were incubated with LA for 24 h prior to initiating the experiment (substrate addition).
Analytical Methods
Biogas production was monitored using a tipping bucket gas meter [30] . The biogas composition was determined by gas chromatography (GC) [7] . The detection limits for CH4 and H2 were 0.0032 kPa (0.5 mL/bottle (160 mL)) and H2S was 0.0315 kPa (5 mL/bottle (160 mL)), respectively. The liquid samples collected at the end of each cycle were analyzed for SO4 2− using an ion chromatography (IC) [7] . The detection limits for the SO4 . The total suspended solids (TSS) and VSS levels were measured according to Standard Methods [31] . ; 2 values shown in mean ± standard deviation represents the average sulfate reduction from two reactor samples for at least three consecutive cycles;
Taguchi Design
The optimization methodology adopted in this study was divided into three phases, namely planning, conducting, and analysis. Each phase had a separate objective, interconnected sequence wise to achieve the overall optimization process using Qualitek-4 software (Nuteck Inc., Bloomfield Hills, MI, USA). Qualitek-4 software is equipped to use L4-L64 arrays with the selection of 2-63 factors and with 1, 3, and 4 levels for each factor.
Fractional Factorial Design of Experiments (FFDOE) (Phase 1)
The initial step in phase 1 was to identify different key parameters/factors to be optimized in the anaerobic process, which have a critical influence on the percent of SO4 2− removed. The normal practice has been to experiment with a feasible range so that the variation inherent in the process does not mask the factor effect. Factors were selected and the ranges were assigned based on data from work reported by Moon et al. [7, 32] and Kaksomen et al. [32] . Three factors (HRT, COD/SO4 2− ratio, LA concentration) with significant influence on the SO4 2− removal rate were selected for the Taguchi orthogonal array (OA) study. The levels for the three factors are shown in Table 2 . The L9 OA can handle up to four factors at three levels with eight degrees of freedom. Since only three factors were examined in this study, the fourth column in the OA was left empty. Orthogonality is not lost by maintaining one or more columns of an array empty [33] . Taguchi's OA are used to estimate main effects using only a few experimental runs. An OA (n, q, s, t) is an n × p array with entries from a set of s distinct symbols such that for any collection of t columns of the array, each of the s t row vectors appears equally often in the matrix [34] .
After selecting the levels, the OAs was created for the parameter design indicating the number and conditions for each experiment. Next, experiments were conducted as indicated in the completed array to gather data on the effect on the performance measure. The final step in phase 1 is to conduct the data analysis by assessing the effect of different parameters on the performance measure. An experimental design matrix was generated to define the data analysis procedure and a L9 OA for the control parameters to fit a specific study was selected. In the present OA, the three levels of factor variation were considered and the size of experimentation was represented by symbolic arrays L9 (the 9 experimental trials are shown in Table 2 ).
Sulfate Removal ASBR Experiments with Selected Factors and Levels (Phase 2)
Phase 2 was focused on conducting the experiments according to the Taguchi L9 OA ( Table 2 ). The details of the inoculum source and detailed experimental methodology are outlined in Sections 2.1 and 2.2, respectively. The analytical methods used in this study to quantify the experimental response (%SO4 2− reduction) are outlined in Section 2.3.
Analysis of Experimental Data (AED) and Prediction of Performance (POP) (Phase 3)
The SO4 2− removal rate data obtained from the L-9 experiments were analyzed using the Qualitek-4 software with the "bigger-is-better" quality characteristics selected to determine the optimum conditions (higher SO4 2− removal rate) and to identify individual factor influence on the SO4 2− removal rate. In the Taguchi's method, quality is measured by the deviation of a characteristic from a target value using the loss function (Equation (2)).
where k denotes the proportionality constant, m represents the target value and y is the experimental value obtained for each trial. The experimental data processed using the Qualitek-4 software with the bigger is better quality characteristics determined the optimum conditions for SO4 2− removal. In the optimization, the bigger-is-better quality characteristic for the loss function is represented as Equation (3).
The expected loss function can be represented by Equation (4):
where E (1/y 2 ) can be estimated from a sample of as Equation (5):
Verification of the model was performed by an analysis of residuals. The residuals for the OA were calculated using the difference between the models predicted response and the experimental response at identical factor levels within the design space under consideration. The Anderson-Darling (AD) test was used to determine whether the residuals follow a normal distribution. The AD test at 5% level of significance was used to confirm the accuracy of the model based on the distribution of residuals. Three-dimensional surface plots were used to evaluate the effect of any two experimental factors on the experimental response. The ANOVA, AD plots and surface plots were generated using the MINITAB 16 statistical software (MINITAB Inc., State College, PA, USA).
Results and Discussion
Experimental Design Analysis
The Taguchi method is based on OAs providing a systematic, simple and efficient approach [35] . This method provides an approach which allows for a realistic arrangement of the experimental data sets with the understanding system, parameter, and tolerance designs [35] . The Taguchi OA is used to identify relationships between experimental independent variables and response dependent variable (%SO4 (Table 2 ). This response variable was used to predict the optimum response using the three factors and three levels. The regression coefficients computed for the experimental response (%SO4 
Analysis of Variance
ANOVA was conducted to analyze the experimental response (%SO4 2− reduction) at different conditions and to determine variation in contribution of each factor to the response variable ( Table 3) . The Fisher statistic (F-test) was used to establish whether the factors under investigation have any significant effects on the quality characteristic. In particular, the F ratio is used to determine the significance of the different experimental factor. The calculated F ratios indicate all the individual factors are statistically significant at a 95% confidence limit. The p values were used to determine the significance of each factor on SO4 2− reduction. Based on the p values, the HRT contributed the maximum impact (49.99%) on the overall SO4 2− reduction followed by LA with 41.42% ( Figure 1 and Table 3 ).
The COD/SO4 2− ratio showed the least impact at the individual level (8.58%). The results from the study indicate that both HRT and LA concentration contributed more than 91% towards SO4 2− reduction. 
Effect of Factors on the Response Variables
Main Effects Plot
The main effects plot was used to establish the effect of each experimental factor on the response variable. The average response for each factor without considering the effects of other experimental factors is shown in the plots. Hence, interpretation of the plots must be conducted with caution. The experimental response variation between 61.5% ± 8.6% and 89.9% ± 6.0% (Table 2) reduction [36] . According to Velasco et al. [36] , for a given SO4 2− concentration, the feed COD/SO4 2− ratio was used to control H2S production, which in-turn was used for metal precipitation. Varying quantities of the % SO4 
Variables
Studies conducted by Choi and Rim [9] reported reduced SRB activity at COD/SO4 2− ratios exceeding 2.7 for acetate and hydrogen electron donors. They attributed the reduced SRB activity to competition by MPBs. In similar work by El Bayoumy et al. [37] , they concluded that SRB growing on lactate and acetate with COD/SO4 2− ratios between 0.75 and 2.25 was enhanced in comparison to ratios greater than 2.25. Studies by Velasco et al. [36] have indicated that COD/SO4 2− ratios greater than 1.5 resulted in increasing sulfide levels while at lower COD/SO4 2− ratios, sulfur species such as H2S, dissolved sulfide was produced. Higher SO4 2− reduction at low COD/SO4 2− ratios is likely attributed to higher SRBs growth rates under these conditions. Evidence by Erdirencelebi et al. [10] also support the argument that at higher COD/SO4 2− ratios, SRBs are unable to compete with MPBs for electrons derived from substrate oxidation. by Zhou et al. [39] . These authors reported decreasing SO4 2− removal efficiencies from 89% to 82% as the HRT was decreased from 24 h to 12 h at a constant COD/SO4 2− ratio of 4. In this study, a mean experimental response of 84% SO4 2− reduction was observed at a 12 h HRT (Figure 2b ). Lower mean percent SO4 2− removals of 69% and 68% observed in cultures operating at 24 h and 36 h HRT indicated that long HRT conditions are unfavorable for SO4 2− reduction. The low SO4 2− removals might be due to the ability of MPBs competing with SRB for the available substrate. MPBs are able to compete with SRBs for substrates derived electrons and subsequently produce CH4. Higher SO4 2− removal at lower HRT (12 h ) is likely associated with elevated growth rates of SRB in comparison to MPBs [37] . MPB have longer doubling times and are washed out at lower HRT thus favoring SO4 LA was effective in selectively inhibiting MPBs and re-directing the substrate derived electrons to SRBs. In work conducted by Ray et al. [40] and Chowdhury et al. [41] , they indicated that methanogenic inhibition by a threshold LA level lead to H2 production. In comparison, Moon et al. [7] concluded no significant difference in SO4 ) LA levels using glucose fed batch cultures maintained at pH 6.0 to 7.5 and COD/SO4 2− ratios varying from 0.5 to 2.5. This difference in comparison to the work reported herein could be due to no pH control in the batch studies. Additionally, in comparison to the work reported by Moon et al. [7] , variation in HRT might have exerted a significant effect at varying LA levels.
Surface Plots
Interaction between the experimental factors is depicted using the surface plot (Figure 3 ) resulted in maximum SO4 2− removal. In general, from these surface plots, a combination of lower HRT and COD/SO4 2− ratio together with higher LA concentration resulted in maximum SO4 2− removal.
Model Verification
The response variable computed using the model correlated reasonably well with the experimental data. The R Figure A1) . This value is smaller than the critical AD value of 0.752 for a sample size of 18 at a 5% significance level. The observed p-value (Supplementary Figure A1) of 0.572 (greater than 0.05) also confirms a normal distribution of residuals. This suggests that the model-predicted response values correlated reasonably well with the experimental response values (Table 2 ) over the factor space under consideration. The results obtained from this study are comparable with data reported in literature (Table 4 ). In general, the results (%SO4 Erdirencelebi et al. [10] reported maximum SO4 reduction. Since LA is an effective methanogenic inhibitor (at threshold levels), the LA treated cultures with high levels of SO4 2− reduction at all COD/SO4 2− ratios indicated that the substrate-derived electrons were utilized for SO4 2− reduction rather than CH4 formation.
Factor Interactions and Their Influence on Sulfate Reduction
The average value of the different factors together with the interaction effects of other experimental factors at assigned factor levels on percent SO4 2− reduction is shown in Supplementary Table A1 . The difference among the levels (L1−L2, L1−L3, L3−L2, L2−L1, L3−L2, and L3−L1) of each factor indicates the relative influence on the response (Supplementary Table A1 ). A larger difference is associated with a strong influence on the response variable. The data clearly indicate that HRT showed the greatest influence (83.8%) at level 1 (12 h HRT) when compared to the other factors. The next factors were the LA concentration (level 3) and COD/SO4 The Qualitek 4 software generated interaction effects were analyzed individually to examine the impact of different factors on the overall SO4 2− reduction. In general, interaction effects are studied because of the possibility of one factor interacting with one or all of the other factors. The interaction severity index [SI] was calculated to determine the influence of the experimental factors at varying factor levels (Supplementary Table A2 ). The analysis indicates that the COD/SO4 2− ratio and LA concentration had the largest SI (59.33%) followed by the COD/SO4 2− ratio and HRT (37.65%; Supplementary Table A2 ). The SI value for the HRT and LA concentration was the lowest (24.84) among the factors investigated. Note that in the interactions, experimental variables with the least impact factor (COD/SO4 2− ratio (p% = 8.582); Table 3 ) were associated with a stronger impact factor (HRT (p% = 49.99) and LA concentration (p% = 41.42); Table 3 ). Data from this study indicate that the influence of selected factors on SO4 2− reduction was independent of the individual influence.
Optimum Conditions for Sulfate Reduction
The Qualitek 4 software was used to examine the interaction effect of the experimental variables at various levels. The optimum process performance with major factor contributions is shown in Supplementary Table A3 The normal distribution profiles are shown for current and improved conditions assuming the optimum performance is a target. The average SO4 2− removal shown is approximately 73.9% (Figure 4) . The improved and current average percent SO4 2− removal is the same; however, the improved condition frequency is larger when compared to the current condition frequency. A summary of the two conditions is shown in Table 5 . Notes: C p represents the capability index expressed in terms of a number (ratio) indicating the narrowness of the population distribution within the LCL and UCL; C pk represents the capability index is very similar to C p which captures the position of the mean performance as well as the variation of the data within the specification limits; LCL = Mean − (3 × standard deviation of current condition); UCL = Mean + (3 × standard deviation of current condition).
In comparison to the current condition, the standard deviation for the improved condition is smaller. The current condition is derived from the experimental response (%SO4 2− reduction) while the improved condition is based on the minimization of the variation in the experimental response. The Cp and Cpk values are designated as capability indices [44] . Cp is a measure of the process capability with respect to the difference between the upper control limit (UCL) and lower control limit (LCL). The Cpk value measures the process variation with respect to the mean. A high the Cpk indicate the capability of the process to meet its requirements. For the improved condition case, the capability index is larger when compared to the current condition. A capability index greater than 1.33 (Table 5) LA (Supplementary Table A3 ). Under the optimum conditions, the maximum SO4 
Conclusions
The Taguchi OA was used to evaluate the percent SO4 
